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INTRODUCTION
Fluids experience a friction or drag when travelling through pipes, resulting in a pressure drop.
In 1948, Toms observed a reduction in friction after the addition of a small quantity of high molecular weight (HMW) polymer to turbulent pipe flow. 1 The 'drag reducing polymers' have many potential applications as they increase flow rate for liquids with the same energy cost. Water-soluble drag reducing polymers have oil field applications, e.g., fracking, acid stimulation and secondary oil recovery. 2 They also have many non-oil field applications for example field irrigation and slurry transport. 3, 4 Despite an incomplete understanding of the mechanism of drag reduction (DR), successful systems have been developed based around the requirement for ultra-high molecular weight (UHMW) polymers. Whilst natural polymers such as guar gum, xanthan gum, hydroxyethyl cellulose (HEC) and carboxymethyl cellulose (CMC) are all effective drag reducing agents (DRAs), their susceptibility to biodegradation is a problem. 5, 6 Therefore, synthetic polymers are favored commercially due to their resistance to biodegradation. Poly(ethylene oxide) (PEO) is a synthetic polymer which can provide good drag reducing effects, 7 however, it is highly susceptible to mechanical degradation in shear flow. 8 Polyacrylamide (PAM) and its partially hydrolyzed analogues are most commonly used in commercial aqueous DR applications. 2, 9 The presence of side groups in PAM has been shown to increase mechanical stability and it has been synthesized to UHMW using inverse-emulsion free radical polymerization. 10 However, the use of acrylamide is highly restricted by recent REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals, 2006) regulations due to its carcinogenicity. Furthermore, the use of polymer emulsions without purification releases significant quantities of oil and surfactant, damaging the environment.
Decreasing the degradation of polymer DRAs remains a very important issue. The correlation between mechanical degradation of polymer chains and molecular weight is well established. 11 The mid-point chain scission theory dictates that, upon mechanical degradation, breakage occurs at the centre of a polymer chain, quickly reducing the polymer molecular weight/size. 8 In turbulent flow, polymers experience very high strain rates and breakage can occur within seconds of injection to the pipe, rendering the DRA ineffective. Resistance to mechanical degradation is, therefore, considered as important as drag reducing efficiency (DRE) when testing the suitability of polymer solutions. 12 As early as 1974, Little et al.
observed that branched polymers are effective DRAs and are more stable to mechanical degradation. 8, 13, 14 It has been reported that, in contrast to HMW linear polymers, star polymers show higher resistance to mid-point chain scission, leading to a smaller decrease in molecular weight. It has also been suggested that less branched star polymers with HMW arms are likely to be the most effective systems for DRE and mechanical stability. 8, 15 Cu(0)-catalyzed polymerizations have been widely studied, allowing controlled polymerization in a range of systems. 16, 17 The ease of catalyst handling, recovery and recycling from reaction mixture provides several benefits over conventional Atom Transfer Radical Polymerization (ATRP) methods. 18, 19 There has been huge debate over the mechanism of these zero valent metal catalyzed polymerizations within the literature. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] The first mechanism could be viewed as an extension of activator regenerated by electron transfer (ARGET) ATRP, proceeding via inner sphere electron transfer (ISET) and dominated by a fast alkyl halide activation step by Cu(I). Deactivation occurs due to Cu(II) which accumulates in the system as a result of a process similar to the persistent radical effect (PRE).
Cu(0) acts as a supplemental activator, and reduces Cu(II) to regenerate Cu(I) in a method known as supplemental activator and reducing agent (SARA) ATRP. 37 The second mechanism, single electron transfer-living radical polymerization (SET-LRP), was proposed by Percec and is characterized by heterogeneous activation using Cu(0) in an outer sphere electron transfer (OSET) mechanism via a radical-anion intermediate. 38 Cu(II) deactivator is 4 generated in the system by instantaneous and complete disproportionation of Cu(I). 38 Irrespective of which mechanism is correct, Cu(0) catalysis can be useful for the rapid synthesis of HMW polymers, including stars, at ambient temperatures in environmentally friendly aqueous solvent systems. 26, 38, 39 The resulting polymers are reported to contain low copper contamination (< 1 ppm).
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The work presented here describes the first example of the synthesis of 4-arm star poly(acrylic acid) (PAA) for application as an efficient water-soluble DRA. This is achieved via the Cu(0)-mediated polymerization of tert-butyl acrylate (tBA) using a 4-site initiator, followed by hydrolysis of PtBA to PAA using trifluoroacetic acid (TFA). A simple catalyst system, amenable to a commercial process, is used to produce 4-arm star polymers as efficient DRAs with enhanced mechanical stability. 
EXPERIMENTAL SECTION

Measurement of Reaction Kinetics
In order to study the reaction kinetics on a small scale, parallel reactions (following the general procedure) using 4AE initiator were conducted for increasing reaction times.
Reaction quantities used; tBA (0.71 g, 5.6 mmol), 4AE (18.6 mg, 0.024 mmol), TREN (1.4 mg, 0.009 mmol), DMSO (0.25 ml), Cu(0) wire (4.2 cm, 0.07 g).
Large Scale Polymerizations
The 
Hydrolysis of poly(tert-butyl acrylate) to poly(acrylic acid)
PtBA (0.25 g, 5.0 μmol, 2.0 mmol tert-butyl groups), was transferred to a round bottomed flask fitted with a magnetic stirrer bar and water condenser. DCM (9 ml) was added to the flask and the mixture stirred for 3 h until it became homogeneous. TFA (0.77 ml, 1.14 g, 10.0 mmol) was injected in to the flask and stirred at room temperature for 40 h. 
Testing of Drag Reduction
Testing of drag reduction efficiency was conducted using tap water. The water typically had a pH of 7.61, and a Ca, Mg and Na content of 27.63 mg dm -3 , 11.84 mg dm -3 and 7.56 mg dm -3 , respectively. In order to measure the DRE of synthesized polymers a drag reduction test rig (Supporting Information, Figure S2 and S3) was used. The rig allowed the calculation of percentage drag reduction (%DR) by measuring the time taken for a known volume of dilute polymer solution to travel a known distance through a pipe, followed by comparison with a pure water sample. If drag reduction occurs, flow rate increases relative to pure water control.
The full discussion of the testing procedure and calculation of %DR is provided in Supporting Information ( Figure S2 -S5, Table S1 -S7, Equation S1-S4).
Testing of Mechanical Stability
To study the resistance of a polymer sample to mechanical degradation, the %DR was first measured for the sample as described in the Supporting Information. The polymer solution was then cycled through the drag reduction test rig for 30 runs (pressure = 30 Psi) and the 8 flow rate was recorded for each run. The %DR was then measured again for the resulting solution.
RESULTS AND DISCUSSION
Synthesis of 4-arm star and linear poly(tert-butyl acrylate)
Acrylic acid cannot be directly polymerized using Cu-mediated polymerization techniques due to interactions with the copper catalyst, therefore, tert-butyl acrylate (tBA) is commonly used as a protected monomer in the synthesis of PAA. [42] [43] [44] [45] [46] Furthermore, due to the insolubility of PtBA in DMSO above M n ≈ 2000 g mol -1 , a biphasic reaction mixture is generated during the polymerization which has been shown to decrease the copper contamination in the final product and reduce bimolecular termination at high conversion in the synthesis of branched molecules. 50, 51 Despite the formation of a biphasic system, control has been reported for the polymerization of butyl acrylate (nBA) and tBA using ethylene bromoisobutyrate initiator. 
(Equation 1)
At low conversion, M n (SEC) (13.7 x 10 3 g mol -1 ) is significantly higher than the theoretically calculated value (6.4 x 10 3 g mol -1 ). This indicates a higher rate of propagation than initiation, and may be a consequence of rate acceleration due to the formation of a biphasic system in the early stages of the reaction. As the polymerization progresses, CuBr 2 deactivator is formed in more significant quantities and the reaction becomes more controlled. This can be observed by the linear increase of M n (SEC) at higher conversion and the closer correlation with M n (Theor). Throughout the reaction the polymer molecular weight dispersity remained between Ð = 1.15 -1.45 ( Figure 1b) . This compares favorably to the polymerization of tBA (M n = 3 x 10 3 g mol -1 , Ð = 1.47) described in the literature in DMSO, using Cu(0)/CuBr 2 /Me 6 -TREN and ethyl bromoisobutyrate initiator. 50 The SEC chromatograms for the reactions display a shift towards lower retention volume and, therefore, higher molecular weight with time ( Figure 2) . At higher conversion, a near symmetrical peak is observed, suggesting the absence of undesirable star-star coupling. poor control over the polymerization. This is believed to be due to the decreased steric hindrance of the MBP initiator compared to 4AE which allows more rapid agglomeration of the polymer layer in the biphasic system, preventing access of CuBr 2 to the active chain ends.
However, the difference in Ð could also be due to the MWD averaging effect in 4 arms of the star polymer. The intrinsic viscosities obtained using SEC analysis show a much lower value for the Star-PtBA2 sample (2.16 dL g -1 ), in comparison to that of Linear-PtBA (3.70 dL g -1 ), despite having similar molecular weights. This is expected due to the more compact structure of the star macromolecule.
The conversion vs polymerization time was not optimized for the syntheses of Star-PtBA1
(entry vi) and Star-PtBA2 (entry vii) as the reactions were carried out on 35.5g and 10g scale, respectively, as indicated at the bottom of Table 1 . The reaction mixture in the case of StarPtBA1 became very viscous due to the scale and it could not be regularly sampled to follow the reaction conversion with time. Therefore, the reaction was stopped after 70 h to ensure high conversion. 
Synthesis of high molecular weight 4-arm star and linear poly(acrylic acid) for DR testing
Star-PtBA1, Star-PtBA2 and Linear-PtBA were subjected to hydrolysis using TFA to prepare water-soluble PAA (Star-PAA1, Star-PAA2 and Linear-PAA) for DR testing (Scheme 2).
TFA is particularly useful due to the ability to selectively cleave tert-butyl (tBu) groups whilst leaving other esters within the same polymer intact.
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Scheme 2: Hydrolysis of PtBA to PAA using TFA/DCM.
The hydrolysis reaction was first conducted in an NMR tube using CDCl 3 to monitor the reaction progress by following the decrease in intensity of the resonance due to the tBu side chains at 1.42 ppm (Figure 5i, e) . Moreover, the increase in the intensity of the resonance corresponding to tert-butyl trifluoroacetate side-product at 1.58 ppm (Figure 5ii 
Testing of drag reducing properties of 4-arm star and linear poly(acrylic acid)
The star and linear PAA samples were tested for their DRE and the results are summarized in Table 2 . Star-PAA1 and Star-PAA2 (Table 2 weight suggests that the polymer topology does not have a significant impact on the DRE of the system. If the linear polymer was much more effective as a DRA, a significantly higher %DR compared to the star polymer would be expected at equivalent molecular weight. Table 2 , Entry iv) is shown in Figure 6b , demonstrating a sharp increase in %DR with dose up to 5 ppm (%DR MAX = 37 %). Measurements carried out on PEO-8M (Table 2 , Entry v), demonstrated %DR MAX of 57 % at 10 ppm (Figure 6b ). The commercial polymers are shown to be more effective at a lower dose when compared to Star-PAA2 and Linear-PAA. In the case of Praestol, this is due to the UHMW (≈ 15-20 x 10 6 g mol -1 ) which can only be synthesized using a free-radical inverse emulsion polymerization technique. In the case of PEO, although the molecular weight (8 x 10 6 g mol -1 ) is lower than Praestol, the %DR MAX is higher, most likely due the high flexibility of the polymer backbone chain.
Testing of mechanical stability of 4-arm star and linear poly(acrylic acid)
Star-PAA2 and Linear-PAA, with high DRE, were tested for their mechanical stability by following the change in flow rate and %DR over 30 runs through the test rig and the data is summarized in Table 3 . Table 3 : Summary of drag reduction and mechanical stability (after 30 runs through test rig) data for polymer samples tested using drag reducing rig.
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Star-PAA2 (Table 3 , Entry i) and Linear-PAA (Table 3 , Entry ii) were tested at a dose of 190 ppm. The change in flow rate for Star-PAA2 is plotted in Figure 7 (raw data shown in Supporting Information, Figure S6 ). A small decrease (< 2 %) in flow rate is observed over 30 runs with a rate of decrease of just -0.03 ml s -1 run -1 . The results are interesting as they suggest negligible mechanical degradation of the polymer chain has occurred during the test. The change in flow rate for Linear-PAA (Table 3 , Entry ii) is also plotted in Figure 7 (raw data shown in Supporting Information, Figure S7) . A much higher, exponential, decrease in flow rate is observed. The initial rate decrease of -2.9 ml s -1 run -1 for Linear-PAA is 10 times faster than for Star-PAA2 despite a similar molecular weight for these samples. The exponential decrease is expected if the chains are each broken at their centre as dictated by the mid-point chain scission theory. An overall decrease in flow rate of -13 % was observed for Linear-PAA between the first and thirtieth run with the final flow rate close to that of pure water. The comparison between linear and star polymers is considered to be evidence that the mechanical stability of PAA is improved as a result of the presence branching in its structure.
The higher strength of a star polymer is thought to be a result of the distribution of forces through multiple polymer arms. In addition, the slower decrease in DRE observed in a star polymer may result from the individual cleavage of polymer arms. This greatly reduces the impact of polymer chain scission upon the overall molecular weight and hence DRE.
The commercial polymers; Praestol and PEO-8M (Table 3 Entry iii-iv) were then tested for their mechanical stability (Figure 7 , raw data shown in Supporting Information, Figure S8 and S9). Measurements were conducted at the dose corresponding to %DR MAX ; 5 ppm and 10 ppm for Praestol and PEO-8M, respectively. A fast decrease in flow rate with a total decrease of -10.2 % and -8.2 % over 30 runs was observed for Praestol and PEO-8M, respectively. Whilst the commercial polymers demonstrated %DR MAX at a much lower dose than those synthesized here, the flow rate of Star-PAA2 (72 ml s -1 ) is higher than for Praestol (71 ml s -1 ) and equal to PEO-8M (72 ml s -1 ) after 30 runs the through the test rig. This could be important for commercial applications where degradation of the polymer necessitates further doses to be added to maintain the drag reducing effect.
The Linear-PAA and commercial polymers ,Praestol and PEO-8M, demonstrate a large decrease for each polymer between 8-12 %. In contrast, the Star-PAA2 demonstrates a small increase in %DR of +3 %. The test for mechanical stability is a time consuming process and, therefore, the 30 run measurements were not repeated in order to establish the experimental error. Therefore, the +3 % increase may well be within the error of the measurement.
CONCLUSION
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A simple catalyst system comprising Cu(0)/TREN and a 4-site initiator (4AE) was successfully used to synthesize 4-arm star PtBA, Star-PtBA1 and Star-PtBA2,with M n of 3.09 x10 5 and 8.61 x 10 5 g mol -1 , respectively. In addition a linear analogue (Linear-PtBA) with a molecular weight of 7.69 x 10 5 g mol -1 was also synthesized. These HMW polymers were then hydrolyzed using TFA to prepare three water-soluble samples; Star-PAA1, Star-PAA2
and Linear-PAA for DR testing.
The DRE of the PAA samples was determined using a drag reduction test rig and compared with current commercial products (Praestol and PEO-8M). Whilst the lower molecular weight Star-PAA1 was ineffective as a DRA, the higher molecular weight Star-PAA2 demonstrated a significant %DR MAX (24 %), comparable to Praestol (37 %). The Linear-PAA sample provided a %DR MAX of 24 % suggesting the polymer topology does not have a significant impact on the DRE.
The mechanical stability of Star-PAA2 and Linear-PAA was compared with that of Praestol and PEO-8M. Whilst the degradation of Praestol and PEO-8M was significant, almost no change in flow rate was observed for Star-PAA2. This could be important for commercial applications where degradation of the polymer necessitates further doses to be added to maintain the drag reducing effect.
